The effects of scratch velocity on plastic and brittle deformation features of (0001) 
INTRODUCTION
As a good wave-transparent material, sapphire crystals have been used in many fields, such as highspeed integrated-circuit chips, laser substrates, etc., due to their inherent characteristics [1] to [5] . The processed surface quality of the sapphire substrate has a strong influence on the application performance of sapphire elements. Moreover, the cost of precision and ultra-precision processing of the fine surface during sapphire manufacturing for optoelectronic applications is high [6] to [9] . Therefore, an investigation into the material removal features and deformation behaviours of sapphire is necessary and can be applied to guide the sapphire manufacturing process.
The removal modes of brittle materials affect the quality of the surface processed under conventional machining conditions. Brittle fracture removal and plastic deformation removal are regarded as the two main material removal modes in the processing of brittle materials [10] to [16] . The brittle fracture removal mode has a negative effect on the processed workpiece surface and leads to a lower quality of the processed surface. Under suitable processing conditions the plastic deformation removal mode can be achieved, resulting in adequate surface quality. The scratch test, regarded as a process analogous to the machining of materials, has been employed to study the deformation behavior and tribological properties of materials [17] to [21] . The deformation patterns induced in the scratch process provide preliminary information needed to determine the material removal behaviour.
According to the removal modes of the materials mentioned in the previous section, it can be demonstrated that a smooth scratch groove can be produced in a completely plastic mode with low depth of cut (DOC) scratching, thus helping to eliminate brittle fracture features, such as cracks and chipping dents, in brittle materials, as also reported in the literature [22] to [24] . The nanoscratch tests available for scratch experiments carried out under extremely low DOC can be employed to reveal the plastic and brittle deformation features of brittle materials.
In this paper, the nanoscratch tests were carried out to reveal the removal properties and deformation behaviors of (0001) C-plane sapphire. The effects of scratch velocities on plastic and brittle deformation features were studied. Scanning electron microscopy (SEM) was employed to observe the deformation features. Residual stress features of the deformation zones in the scratch grooves were studied by Raman spectroscopy. Comparative studies of the surface depth profiles and scratch groove features induced by different scratch velocities are presented.
EXPERIMENTAL PROCEDURE
Scratch experiments were conducted on a nanomechanical test system (Nano Indenter G200, Agilent Corp., USA) in scratch mode. The size of the sapphire sample was 15×10×1 mm. C-plane (0001) sapphire that is suitable for infrared detector applications was selected for use in this study. A diamond Berkovich nanoindenter tip was employed. The scratch velocities were set at 2, 4, 8, and 16 μm/s. The scratching track was set at 300 μm in all tests. The applied normal load was increased linearly from 40 μN to 200 mN along the scratch length. The process for a standard scratch is shown in Fig. 1 .
First, a pre-scan was carried out in order to measure the initial surface property of the C-plane sapphire sample under a low load of 40 μN. Then, the indenter penetrated into the sapphire workpiece with the pre-set loading characteristics. Finally, the residual deformation feature was recorded by scanning the scratch groove again (post-scan) under a 40 μN load. Penetration depth and residual deformation data were also collected during the test, which can be used in quantitative analysis of the deformation features of the sapphire workpiece.
Fig. 1. Schematic diagram of the scratching
The sapphire sample was ultrasonically cleaned in acetone for 15 min. The morphologies of the cleaned scratch grooves were then observed by SEM (Quanta 200 FEG, FEI Corp., Netherlands). Raman spectroscopy (LabRAM HR800, HORIBA Jobin Yvon S.A.S., France) was employed to reveal the residual stress features of the deformation zones in the scratch groove. The Raman spectrometer included an Ar+ laser (514 nm) to excite the specimen. A maximum laser power of 20 mW was used. Raman spectra were collected within and outside the scratch groove at room temperature to compare the residual stress distribution features of the sapphire sample. The pre-scan profiles in Fig. 2 indicate that the surface of the prepared sapphire sample is smooth. The profiles also show very small elastic-plastic deformations (Figs. 2a and b), which might have been caused by the pre-scan load (40 μN) as the scratch velocity is relatively low. With the increase in the applied load, there is no visible fluctuation in the scratching profile, implying that the deformation of the sapphire sample is a completely elastic-plastic deformation under this loading condition. When the load reaches a certain value, the scratch depth abruptly increases. This load is termed the "critical load" (Fc), and the depth is termed the "critical depth" (Dc); these critical values are usually used to study the ductile-brittle transition characteristics of the material removal. The critical load and critical depth were then determined from Fig. 2 and nanoscratch data were collected: these are presented in Table 1 .
EXPERIMENTAL RESULTS AND DISCUSSION

Analysis of Scratch Profiles
By comparing the collected curves, it can be observed that there are three distinct deformation stages during the scratch processing. In the first stage, the scratching and post-scan profiles are almost smooth, which is clearly visible in Figs. 2c and d but not obvious in Figs. 2a and b. This indicates that the deformation of the sapphire sample is completely elastic-plastic for the c) 8 and d) 16 μm/s scratch velocities, but the material is removed in plastic mode and leaves fish-bone-like traces for the a) 2 and b) 4 μm/s scratch velocities.
In the second stage, the scratching depthdisplacement curves show small waves, while the post-scan depth-displacement curves show fluctuations. This implies that microcracks and severe fish-bone features are produced during the scratching.
In the third stage, abrupt changes and larger waves in the scratching and post-scan curves appeared, which means that larger microcracks and chipping dents emerge within the grooves and the material is thus removed by brittle deformation. The starting positions of the abrupt changes and larger fluctuations differ for the a) 2, b) 4, c), and d) 16 μm/s scratch velocities in Fig. 2 , indicating that the critical loads and critical depths differ for different scratch velocities.
Therefore, as the load increases the material removal of sapphire during scratch processing is described as elastic-plastic deformation, plastic deformation with the generation of severe fish-bone features, and brittle deformation at the highest load.
The load and depth ranges for each scratch velocity in the three stages are given in Table 1 . Table 1 shows that the critical load is 120, 165, 180, and 190 mN and the critical depth is 630, 790, 805, and 810 nm for scratch velocities of a) 2, b) 4, c) 8, and d) 16 μm/s, respectively. It can be observed that Fc and Dc increase with scratch velocity. This trend shows that higher scratch velocity can lead to a higher proportion of plastic deformation and results in better surface quality of the workpiece.
Morphology Features of the Scratch Grooves
To compare the distinct scratch regions, the scratch process was divided into four parts according to the applied load. Figs. 3a) to d are SEM micrographs of the scratch groove obtained with a scratch velocity of 2 μm/s.
In the low load stage, a smooth groove appeared with small plastic pile-ups and ironing lines within the groove (see Figs. 1a and 3a) , implying a complete elastic-plastic deformation. With an increase in the normal load, the groove becomes broader and microcracks, chipping dents, and slip lines are observed. As the load increases to approximately 80 mN, microcracks are generated around the scratch and fish-bone traces and stick-slip lines emerge in the scratch, as shown in Fig. 3b .
Fig. 3. Micrographs of deformation features induced under a scratch velocity of 2 μm/s
Fig. 4. SEM morphology of deformation features induced with a scratch velocity of 16 μm/s
Chipping dents around the scratch and tearing regions within the groove are observed as the applied load reaches about 120 mN, as shown in Fig. 3c . Owing to the increase in the applied load and the induced load, microcracks along the scratch direction within the groove are also seen. The emergence of chipping dents indicates that brittle fracture of the C-plane sapphire occurred when the applied normal load was 120 mN with a scratch velocity of 2 μm/s. When the normal load increases to approximately 200 mN, the damaged regions induced by the microcracks extension appear and brittle fracture removal features are clearly observed, as shown in Fig. 3d . Therefore, the material removal of the C-plane sapphire induced at a scratch velocity of 2 μm/s is a combination of plastic deformation and brittle fracture. Fig. 4 shows SEM micrographs of deformation features induced with a scratch velocity of 16 μm/s. The deformation features of the scratch groove obviously differ from the features induced with a scratch velocity of 2 μm/s (as shown in Fig. 3) . Plastic pile-up is seen around the groove when the applied load is low, as shown in Fig. 4a , indicating that elastic-plastic deformation occurred during this scratch process. Moreover, the slip lines clearly show scattering from the scratch groove (shown in the white elliptical region and the magnified image in the white rectangular region in Fig. 4a ), but are not visible when the scratch velocity is 2 μm/s (as shown in Fig. 3a) . Other researchers have reported that the observed plastic deformation features of scratch processing, i.e. pile-up and microcracks, result from the tensile stress field [24] and [25] . To clarify the material removal mechanism of sapphires, particularly for plastic deformation, Raman spectroscopy was applied to measure the stress characteristics of the scratch groove resulting from a constant scratch velocity of 16 μm/s, as shown in Fig. 5 . The Raman peaks measured in the groove were at lower wave numbers than those measured in the undeformed area of the sapphire workpiece (see Figs. 4a and 5a) . The Raman peaks' shift to lower wave numbers indicates the generation of tensile stress within the scratch groove [25] . Therefore, it can be concluded that tensile stress appears within the scratch groove during scratching. Tensile stress is the fundamental factor causing the stacking faults, location loops, and dislocation glide that are observed during the plastic deformation mechanisms of sapphire in a nanoscratch.
With the increase in scratch load, microcracks, tears, and chipping dents are observed in and around the scratch groove at a scratch velocity of 16 μm/s. However, no brittle fracture region can be observed when the scratch velocity is 16 μm/s. The deformation features of the maximum load (approximately 200 mN) induced at scratch velocities of 4 and 8 μm/s are also observed and compared in this study, as shown in Fig. 6 . 6 shows that brittle fracture regions are seen around the groove for a scratch velocity of 4 μm/s, but not for a scratch velocity of 8 μm/s (Fig. 6b) . Plastic and brittle deformation features are observed in and around the scratch grooves for scratch velocities of 4 and 8 μm/s, and they are similar to the deformation features of the scratch grooves (as shown in Figs. 3 and 4) for scratch velocities of 2 and 16 μm/s as analysed in detail in the previous section.
Comparison analysis of the deformation features of the scratch grooves induced with different scratch velocities reveals that the scratch velocity affects the material removal features of the C-plane sapphire, i.e. a higher scratch velocity leads to a higher proportion of plastic deformation during the scratch process, which is very consistent with the surface depth profiles for the different scratch velocities (see Fig. 3 ). It is thus inferred that better processing performance can be achieved with an increase in cutting velocity, which is analogous to the scratch velocity, in the surface processing of sapphire and other brittle materials.
DISCUSSION
To understand the mechanism of different deformation features of the sapphire sample during the scratch process with different scratch velocities, the effects of scratch velocity on strain rate and hardness and the strain rate sensitivity as scratch velocity increases are addressed in the following section.
According to its definition, the strain rate (  ε ) can be determined from the scratch velocity (v) using the scratch depth (h) in the plastic deformation stage of the sapphire sample, expressed as: Fig. 7 shows the effects of scratch velocity on strain rate under different scratch loads. It can be seen that the strain rate increases with increasing scratch velocity. Increasing the scratch load will have a negative influence on strain rate. 
where P is the scratch load and A is the projected area of contact surface between the indenter and the workpiece, which can be determined by scratch depth (h) in this study. It can be seen that hardness increases as scratch velocity increases. Increasing scratch load will have a negative effect on hardness. According to the computed strain rate and hardness, the strain-rate sensitivity (m) can be obtained by the following equation: Fig. 9 presents the strain-rate sensitivity as scratch velocity increases. It shows that the strain-rate sensitivity is positive with increasing scratch velocity. Existing research has shown that, due to increasing strain rate, the dynamic hardness from the dynamic indentation is greater than the static hardness for the C-plane sapphire, and dynamic indentation can effectively shorten the indentation-induced crack length relative to the crack length for static indentation [26] and [27] . In this study, all the above indicates that the scratch depth decreases with increasing scratch velocity, which infers an increase in hardness and strain rate. In other words, increasing scratch velocity will influence the mechanical properties of the sapphire sample, thus increasing the hardness, and will effectively restrain the occurence and growth of cracks; this leads to fewer and smaller cracks, and the plastic deformation is thus more comparable to the lower scratch velocity.
CONCLUSIONS
Nanoscratch experiments were conducted on a (0001) C-plane sapphire at scratch velocities of 2, 4, 8, and 16 μm/s. Surface depth profiles recorded with the test system and deformation features observed by SEM for the different scratch velocities are discussed in this study. The residual stress features of the deformation zones in the scratch groove were observed by Raman spectroscopy to clarify the material removal mechanism of sapphire. The following conclusions are drawn.
(1) The surface depth profiles and microstructure observations made by SEM show that scratch depth and width increase with an increase in applied load.
(2) Deformation in each scratch process can be described as plastic deformation, plastic deformation with an increase in scratch depth and the appearance of microcracks, and brittle deformation with the emergence of chipping dents and damaged regions.
(3) Raman spectra obtained with a micro-Raman spectrometer show Raman peaks at lower wave numbers within the scratch groove compared to the ones collected outside the groove. It is inferred that tensile stress is present within the scratch groove during scratching, leading to the plastic deformation of the sapphire during scratching.
(4) Comparative studies of the surface depth profiles and scratch groove features induced with different scratch velocities reveal that the scratch velocity has distinct effects on the deformation features of C-plane sapphire. With increases in the scratch velocity, the surface depth profiles show that the critical load and depth increase and the scratch groove features show more slip lines and less chipping dents, implying that a higher scratch velocity leads to a higher proportion of plastic deformation in the scratching of C-plane sapphire.
(5) Examination of the mechanism of different deformation features for different scratch velocities shows that increasing scratch velocity can improve the strain rate and hardness, and can effectively restrain the occurence and growth of cracks, which leads to fewer and smaller cracks, and thus the plastic deformation observed is more comparable to that seen at a lower scratch velocity.
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